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Abstract. We analyze a two-field inflationary model consisting of the Ricci scalar squared (R2)
term and the standard Higgs field non-minimally coupled to gravity in addition to the Einstein R
term. Detailed analysis of the power spectrum of this model with mass hierarchy is presented, and we
find that one can describe this model as an effective single-field model in the slow-roll regime with a
modified sound speed. The scalar spectral index predicted by this model coincides with those given
by the R2 inflation and the Higgs inflation implying that there is a close relation between this model
and the R2 inflation already in the original (Jordan) frame. For a typical value of the self-coupling of
the standard Higgs field at the high energy scale of inflation, the role of the Higgs field in parameter
space involved is to modify the scalaron mass, so that the original mass parameter in the R2 inflation
can deviate from its standard value when non-minimal coupling between the Ricci scalar and the
Higgs field is large enough.
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1 Introduction
A number of single-field models have been proposed [1–6] since 1980s, some of them are in good
agreement with the observation of cosmic microwave background (CMB) [7], such as the R + R2
inflationary model (the R2 one for brevity) [1] which is often called the Starobinsky model, and the
original Higgs inflationary model[8–10] in which the scalar field is strongly non-minimally coupled
to the Ricci scalar 1. The R2 added to the Einstein-Hilbert action yields an effective dynamical
scalar field, scalaron realizing a quasi-de Sitter stage in the early universe while the Higgs boson
in the standard model, with the help of non-minimal coupling to gravity, ξχ2R, plays an essential
role as an inflaton to drive inflation in the Higgs inflationary model. Both models produce the same
spectral spectral index of primordial scalar (adiabatic density) perturbations which is supported by
recent CMB observations. Meanwhile, the tensor-to-scalar ratio given by these two models has an
amplitude though small, but still hopefully detectable in the future.
Due to the excellent performance of the R2 inflation and the Higgs inflationary model, it is
natural and more realistic to consider the extension of such single-field models to multi-field infla-
tion by the combination of them which we consider in this paper. Multi-field inflation is a class of
cosmological inflationary models with a de Sitter stage produced by more than one effective scalar
fields among which two-field models constitute a special case. In multi-field inflationary models,
only one linear combination of the scalar fields is responsible for the inflationary stage and conse-
quently quantum fluctuations produced in this direction serve as adiabatic perturbations which finally
grow to become the seeds of inhomogeneities seen in CMB temperature anisotropy and polarization
and producing the large scale structure and compact objects in the universe. The other independent
combinations are, on the other hand, responsible for production of isocurvature perturbations [12]
and some other possible features [13]. Isocurvature modes represent the unique feature of multi-field
models distinguishing them from single-field ones. They can survive to the present only under special
conditions [14]. Also, in the presence of non-minimal coupling, recent research [15] points out that
the preheating process after inflation becomes much more violent than the case without it.
1See [11] for a summary of all variants of the Higgs inflationary model
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In this paper, we investigate Higgs-R2 inflation, namely the combination of the Higgs inflation
and the R2 inflation, in a certain part of the parameter space. For realistic values of the Higgs self
coupling we find the presence of mass hierarchy and the appearance of effectively single-field slow-
roll inflation in the original Jordan frame. We write down the effective single-field action to quadratic
level for this model and use it to calculate the power spectrum of curvature perturbations. We find
that this two-field model can be treated as an effective R2 inflation with a modified scalaron mass.
In Sec 2, we introduce the basic details of the model. We calculate the power spectrum in Sec 3 and
discuss the effective R2 inflation in Sec 4. Our conclusions and outlook are presented in Sec 5.
2 Lagrangian and Equations of Motion
The action considered here is given in the original Jordan frame, where the space-time metric is
denoted as gˆµν , by
SJ =
∫
d4x
√
−gˆ
[
M2p
2
Rˆ+
1
2
ξχ2Rˆ+
M2p
12M2
Rˆ2 − 1
2
gˆµν∇ˆµχ∇ˆνχ− λ
4
χ4
]
(2.1)
=
∫
d4x
√
−gˆ
[
F (χ, Rˆ)− 1
2
gˆµν∇ˆµχ∇ˆνχ
]
(2.2)
where Mp ≡ (8piG)−1/2 and χ is a singlet scalar field, a simplified model of the Standard Model
Higgs boson. We neglect its interaction to gauge fields. Here F (χ, Rˆ) is defined by
F (χ, Rˆ) ≡ M
2
p
2
Rˆ+
1
2
ξχ2Rˆ+
M2p
12M2
Rˆ2 − λ
4
χ4 . (2.3)
This action was recently considered in [16, 17]. χ has a non-minimal coupling term with the Ricci
scalar. We take the sign of the non-minimal coupling constant ξ such that the conformal coupling
corresponds to ξ = −1/6.
Defining the scalaron field as [18, 19]√
2
3
ψ
Mp
≡ ln
(
2
M2p
∣∣∣∣∂F∂Rˆ
∣∣∣∣) , (2.4)
and performing a conformal transformation
gµν(x) = e
√
2
3
ψ(x)
Mp gˆµν(x) , (2.5)
we can transform the original action (2.1) into the one in the Einstein frame and express the new
action in terms of the new scalar fields as
SE =
∫
d4x
√−g
[
M2p
2
R− 1
2
gµν∇µψ∇νψ − 1
2
e
−
√
2
3
ψ
Mp gµν∇µχ∇νχ− U(ψ, χ)
]
, (2.6)
where the potential is expressed as
U(ψ, χ) ≡ λ
4
χ4e
−2
√
2
3
ψ
Mp +
3
4
M2pM
2e
−2
√
2
3
ψ
Mp
(
e
√
2
3
ψ
Mp − 1− 1
M2p
ξχ2
)2
. (2.7)
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In addition to the metric and Higgs field χ, ψ is the third dynamical field which originates from the
R2 term. Note that ψ shows up only in the exponent with an O(1) numerical factor, so that large
values of ψ will significantly suppress the terms with higher orders in exp
(
−√2/3ψ/Mp).
The kinetic terms of the two scalar fields in the Einstein frame are coupled. This means that the
field space spanned by these two fields is not flat. Following [20, 21], we introduce an induced metric
of the field space and rewrite this system in a more compact way as
SE =
∫
d4x
√−g
[
M2p
2
R− 1
2
habg
µν∇µφa∇νφb − U(φ)
]
, (2.8)
where
φ1 = ψ , φ2 = χ , hab = hab(ψ) =
(
1 0
0 e
−
√
2
3
ψ
Mp .
)
(2.9)
Here the Latin indices a, b = 1, 2 represent components in field space and the Greek indices µ, ν =
0, 1, 2, 3 denote space-time components.
We take the spatially flat Robertson-Walker metric ds2 = −dt2 + a2(t)δijdxidxj as the back-
ground i, j = 1, 2, 3) and split all fields into homogeneous background parts and small space-time-
dependent perturbations,
φa(x, t) = φa0(t) + δφ
a(x, t) , (2.10)
incorporating scalar metric perturbations in the spatially flat gauge. Then equations of motion for
both background and perturbations are given as follows.
H2 =
1
3M2p
[
1
2
habφ˙
aφ˙b + U(φ)
]
, (2.11)
Dφ˙a0
dt
+ 3Hφ˙a0 + h
abU,b = 0 , (2.12)
D2δφak
dt2
+ 3H
Dδφak
dt
−Rabcdφ˙b0φ˙c0δφdk +
k2
a2
δφak + U
;a
;bδφ
b
k =
1
a3
D
dt
(
a3
H
φ˙a0φ˙
b
0
)
hbcδφ
c
k , (2.13)
where DXa = dXa + ΓabcX
bdφc0 is analogous to the directional derivative in curved spacetime and
Γabc =
1
2h
ad(∂bhcd + ∂chdb − ∂dhbc) is the Christoffel symbol for the curved field space. It is easy
to show that Ddt = φ˙
a
0∇a. Note that the equations of motion for perturbations have already been
transformed into those for spatial Fourier modes. The equations of motion of the scalar fields can
be regarded as modified geodesic equations in the curved field space. The first term in (2.12) is
just the ordinary geodesic equation while the second and the third term represent modifications from
cosmic expansion and the scalar field potential, respectively. Correspondingly, the field perturbation
equations (2.13) can be regarded as geodesic deviation. Their equations of motion are also modified
by cosmic expansion and the potential. With all the effects taken into account, the trajectory of
the fields traces neither the geodesics in the curved field space nor the bottom of the valley of the
potential as postulated in [17]. Note that since generally the trajectory take turns during inflation, we
also expect that there will be effects due to the turning.
3 Slow-Roll Inflation and Curvature Perturbations
In this paper, we mainly focus on the parameter regime where ξ > 0 and fix the self coupling at a
typical value λ = 0.01 from phenomenology. We will also briefly discuss the situation when ξ < 0
at the end.
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3.1 Features of the Potential
Here we give two examples for different combinations of ξ and M in Figure 1. The potential (2.7)
is invariant under χ → −χ. One can calculate the effective mass of the Higgs field, m2χ, by tak-
ing derivatives of the potential. The dominant contribution in small χ regime comes from a term
proportional to ξ, −3ξM2 exp
(
−√2/3ψ/Mp). For positive ξ, Higgs field obtains a negative m2χ
around the origin where its amplitude will grow exponentially. In large χ regime, m2χ is dominated
by a term proportional to χ2, 3λ(1 + 3ξ2M2/λM2p ) exp
(
−2√2/3ψ/Mp)χ2, whose coefficient is
always positive. These properties imply the existence of a local minimum on the potential for a given
ψ which corresponds to the valleys in Figure 1. Thus, independent of the initial position of χ, with a
large ξ, the Higgs field will quickly fall into one of the valleys and evolve around the local minimum.
If ξ takes a small value, i.e. m2χ is small, χ direction will become flatter. In this case, if the initial
conditions start from a large χ value, it is possible for Higgs field to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for ψ direction, it is always flat in large ψ
regime so that it has similar behavior to the scalaron in the R2 inflation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inflationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inflation, the fields will oscillate around the global minimum of
the potential at (χ, ψ) = (0, 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.
Figure 1. Left: ξ = 1000, M/Mp = 1.4 × 10−5. Right: ξ = 3000, M/Mp = 1.9 × 10−5. The field values
have been normalized by Mp. The value of ξ mainly controls the position of the valleys while M determines
the height of the plateau in the middle part and the depth of the valley.
3.2 Slow-Roll Inflation
As mentioned in previous sections, the evolution trajectory of two scalar fields are affected by the
curved nature of the field space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by defining unit vectors T a and Na [24]
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as
T a ≡ φ˙
a
0
φ˙0
=
1√
ψ˙2 + e
−
√
2
3
ψ
Mp χ˙2
(ψ˙, χ˙), (3.1)
θ˙Na ≡ −DT
a
dt
, (3.2)
which are tangent and normal to the trajectory, respectively. Here we denote φ˙20 ≡ habφ˙a0φ˙b0 and θ˙
is the angular velocity describing the turning in the trajectory which, according to the normalization
condition, is given by
θ˙2 = hab
DT a
dt
DT b
dt
(3.3)
= e
√
2
3
ψ
Mp
(
∂U
∂χ ψ˙ − e
−
√
2
3
ψ
Mp ∂U
∂ψ χ˙
)2
(
ψ˙2 + e
−
√
2
3
ψ
Mp χ˙2
)2 , (3.4)
so that Na is explicitly given by
Na =
e
√
1
6
ψ
Mp(
ψ˙2 + e
−
√
2
3
ψ
Mp χ˙2
)1/2 (−e−
√
2
3
ψ
Mp χ˙, ψ˙) . (3.5)
We define the slow-roll parameters analogous to the single-field case as
 ≡ − H˙
H2
=
φ˙20
2M2pH
2
, (3.6)
ηa ≡ − 1
Hφ˙0
Dφ˙a0
dt
. (3.7)
Note that ηa is no longer a scalar but a vector which means that one needs two different ηs to describe
the evolution of these two different directions. Using the unit vectors, one can easily obtain an η for
each direction as
ηa = η||T a + η⊥Na , (3.8)
η|| ≡ −
φ¨0
Hφ˙0
, (3.9)
η⊥ ≡ UN
φ˙0H
, (3.10)
where UN ≡ NaU,a. Slow-roll inflation requires that   1 and η||  1. Note that the slow-roll
requirement does not impose any constraint on η⊥ which means that it can be large. Then the angular
velocity θ˙ can also be expressed in terms of the slow-roll parameter as
θ˙ = Hη⊥ . (3.11)
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Since η⊥ can be large, we may expect θ˙ to be large as well. However, this does not spoil the validity
of the effective field theory used below [24] as long as the adiabatic condition, |θ¨/θ˙2|  Meff, is
satisfied.
We now consider perturbations in this formalism. In flat gauge, the comoving curvature pertur-
bation and the isocurvature perturbation are defined as [24]
R ≡ −H
φ˙0
δφaTa , (3.12)
F ≡ Naδφa . (3.13)
Expanding the perturbed action to second order, we find
S2 =
1
2
∫
d4x a3
[
φ˙20
H2
R˙2 − φ˙
2
0
H2
(∇R)2
a2
+ F˙2 − (∇F)
2
a2
−M2effF2 − 4θ˙
φ˙0
H
R˙F
]
(3.14)
from which it is clear that the curvature perturbations evolve along the light (massless) direction
while the isocurvature modes have an effective mass M2eff = UNN + M
2
p H
2Rabh
ab − θ˙2 where
UNN ≡ NaN b∇a∇bU . The explicit form of UNN and M2eff is given by
UNN =
1
ψ˙2 + e
−
√
2
3
ψ
Mp χ˙2
(
e
−
√
2
3
ψ
Mp χ˙2
∂2U
∂ψ2
+ e
√
2
3
ψ
Mp ψ˙2
∂2U
∂χ2
−2ψ˙χ˙ ∂
2U
∂ψ∂χ
− 1√
6
ψ˙2
∂U
∂ψ
−
√
2
3
ψ˙χ˙
∂U
∂χ
)
,
(3.15)
M2eff =
1
ψ˙2 + e
−
√
2
3
ψ
Mp χ˙2
(
e
−
√
2
3
ψ
Mp χ˙2
∂2U
∂ψ2
+ e
√
2
3
ψ
Mp ψ˙2
∂2U
∂χ2
− 2ψ˙χ˙ ∂
2U
∂ψ∂χ
− 1√
6
ψ˙2
∂U
∂ψ
−
√
2
3
ψ˙χ˙
∂U
∂χ
)
− ψ˙
2 + e
−
√
2
3
ψ
Mp χ˙2
6M2p
− e
√
2
3
ψ
Mp
(
∂U
∂χ ψ˙ − e
−
√
2
3
ψ
Mp ∂U
∂ψ χ˙
)2
(
ψ˙2 + e
−
√
2
3
ψ
Mp χ˙2
)2 ,
(3.16)
respectively. Thus, light modes and massive modes are separated. Integrating out the high energy
degrees of freedom as in [24], the massive modes, F , are completely determined by the massless
modes,R, so that one gets its effective action to quadratic order,
F = − φ˙0
H
2θ˙R˙
k2/a2 +M2eff
, (3.17)
Seff =
1
2
∫
d4x a3
φ˙20
H2
[
R˙2
c2s(k)
− k
2R2
a2
]
. (3.18)
The appearance of the turning gives corrections to the sound speed, c−2s (k) = 1+4θ˙2/(k2/a2+M2eff)
which is exact unity in single-field models. Therefore, the effective action obtained for curvature
perturbations is that of a single-field theory with a modified sound speed. When θ˙2 is close to UNN ,
c−2s  1, the effect of the turn in the trajectory becomes significant, so that the sound speed is
largely modified. However, in the region of the parameter space we consider, the modification is not
significant.
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In this action, only the adiabatic mode appears but it does not mean that the heavy mode has no
influence on the evolution of the adiabatic mode. Both light and heavy modes have high energy and
low energy contributions. Integrating out the high energy part to get the low energy effective theory
does not mean decoupling between light and heavy modes. As long as a turning exists, adiabatic and
isocurvature modes couple with each other and the isocurvature mode is forced to oscillate coherently
with the light field at low frequency [24]. In the slow-roll regime, θ˙ is automatically small and slowly
changing in time, so that approximately we can quantize the quadratic action considering the sound
speed as a constant close to unity. As a result, the power spectrum is just
∆2R =
k3
2pi2
PR(k) , (3.19)
PR(k) = H
2
4csk3
(1 + c2sk
2τ2)
2H2
φ˙20
−−−−−→
large scale
H2
4csk3
1

, (3.20)
which gives the scalar index and the scalar-to-tensor ratio
ns − 1 ≡d ln ∆
2
R
d ln k
≈ 2η|| − 4 (3.21)
r ≈ 16cs . (3.22)
These results are just like those in single-field models with modification from the non-trivial sound
speed. However, as mentioned already, large modification is not expected because in the slow-roll
regime as well as the region of the parameter space we consider, the sound speed does not deviate
from unity too much.
3.3 Predictions for observations
As we can see above, the dynamics as well as power spectrum are determined by three parameters,
Higgs self-coupling λ, non-minimal coupling ξ and scalaron mass M . Fixing λ = 0.01 and the
amplitude of curvature perturbation at the pivot scale to be 2 × 10−9, we choose several groups of
ξ and M to calculate ns and r. All the results are completely degenerate (Shown in Figure 2) with
those of the R2 inflation. This should not be surprising because this two-field model is built from
the R2 inflation and the Higgs inflation both of which give predictions staying right at the center of
the famous ns − r plot from Planck’s observational data in 2015 [7]. Also, due to the presence of
mass hierarchy and considering slow-roll inflation, the effective theory of this model reduces to a
single-field model with slightly modified sound speed as one can see above. Therefore, we should
not expect this model to give predictions which largely deviate from those of the Higgs inflation or
the R2 inflation in this level.
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Figure 2. λ = 0.01,PR(k) ' 2× 10−9 . Results given by different combinations of ξ and M are completely
degenerate with each other and coincide with predictions given by the R2 inflation. The left small dot is for 50
e-foldings and the right big one is 60 e-foldings.
4 To the Effective R2 Inflation
4.1 Relation between ξ and M
The degeneracy phenomenon implies that with a fixed λ = 0.01, the amplitude of curvature pertur-
bations, PR(k) ' 2 × 10−9, gives a strong constraint on ξ and M . Varying ξ from 0.1 to 4000,
one obtains the relation depicted in Figure 3. For small enough ξ, M remains almost constant at
around 10−5Mp which coincides with the case of the standard R2 inflation. This situation holds until
ξ reaches 1000 where M starts to grow rapidly to compensate the change of ξ. In this logarithmic
plot (Figure 3), the relationship between M and ξ can be approximately separated into two branches.
One is ξ . 1000 where we can just take the scalaron mass M to be the same as in the standard R2
inflation. The other is ξ & 1000 where the value of the scalaron mass in the R2 inflation is no longer
valid since the non-minimal coupling is so large that it modifies the model significantly. In order to
maintain the amplitude of curvature perturbations, M must take a much larger value.
So far we have qualitative understanding of this relation. We present more precise explanation
in the following.
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Figure 3. λ = 0.01,PR(k) ' 2× 10−9 . The relation between ξ and M is given here. As can be seen, before
ξ reaching 1000, M/Mp almost stays at around 1 × 10−5. However, when ξ > 1000, M/Mp begins to grow
rapidly as ξ grows.
4.2 Explanation
To explain this, we firstly have a look at the potential (2.7). In slow-roll regime, the Friedmann
equation approximately gives
H2 ≈ 1
3M2p
U(ψ, χ) ≈ 1
4
M2
(
1− e−
√
2
3
ψ
Mp
)2
(4.1)
in large ψ regime with small ξ while
H2 ≈ 1
3M2p
U(ψ, χ) ≈ 1
4
M2
(
1− 1
M2p
ξχ2e
−
√
2
3
ψ
Mp
)2
(4.2)
in large ψ regime with large ξ. In the case of (4.1), the second term in the parenthesis is negligi-
ble compared with unity so that Hubble parameter is just a constant completely determined by M .
However, in the case of (4.2), the second term in the parenthesis is not negligible compared with
unity which means that the second factor in (4.2) could possibly be much smaller than unity for large
enough ξ. In order to preserve the amplitude of curvature perturbations which is determined by Hub-
ble parameter and its derivatives as mentioned above, we need a larger value of M to ”protect” the
Hubble parameter from being too small.
Intuitively, the scalaron mass M mainly controls the height of the hill in the middle of the
potential and while the non-minimal coupling ξ mainly controls the depth and position of valleys on
both sides of the hill. For a given amplitude of curvature perturbations, we require the inflaton to
slowly roll down a trajectory whose height is around a certain value during inflation. If M is not too
large that means that the height of the central hill is small, the inflaton is allowed to roll along the
central region of the potential, e.g. the left panel in Figure 1. On the contrary, if M is too large, one
then needs a larger value of ξ which would generate a deep valley on each side of the hill so that the
inflaton can leave the too high hill top to roll along a trajectory which is of proper height to generate
small enough curvature perturbations.
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One may see this relation more clearly without any conformal transformation by considering
the relation between this two-field model and the R2 inflation directly in the Jordan frame. From the
action in this frame (2.1), we find that the non-minimal coupling can be partially regarded as an extra
contribution to the kinetic term for Higgs field χ proportional to ξ since there are second derivatives
in Ricci scalar so that we can realize this by using integration by parts. Then, for large ξ and ψ
regime, the original kinetic term in (2.1) is negligible. Dropping the kinetic term for χ, the original
action becomes
SJ ≈ S˜J =
∫
d4x
√
−gˆ
[
M2p
2
Rˆ+
1
2
ξχ2Rˆ+
M2p
12M2
Rˆ2 − λ
4
χ4
]
. (4.3)
As a result, the equation of motion for χ just becomes a constraint on χ [22] and R as χ2 = ξRˆ/λ
which simplifies the action as
S˜J =
∫
d4x
√
−gˆ
[
M2p
2
Rˆ+
(
M2p
12M2
+
ξ2
4λ
)
Rˆ2
]
(4.4)
=
∫
d4x
√
−gˆ
[
M2p
2
Rˆ+
M2p
12M˜2
Rˆ2
]
(4.5)
where
M˜2 ≡ M
2
1 + 3ξ2 M
2
λM2p
(4.6)
is the effective mass squared of the scalaron, which should take M˜ = 1.3 × 10−5Mp [30, 31] to
reproduce the observed amplitude of curvature perturbation.
From (4.6) we can understand two characteristic regimes of Figure 3. When the second term in
the denominator is much smaller than unity, namely, ξ 
√
λ
3
Mp
M ≡ ξc ∼= 4.3 × 103, the scalaron
mass should simply take the original value of R2 model. As ξ increases, approaching the above
critical value, M2 also starts to increase according to
M2 =
M˜2
1− 3ξ2M˜2
λM2p
, (4.7)
reaching infinity at ξ = ξc. This is in perfect agreement with Figure 3. However, note that in the
simplified case we do not have modification of sound speed. The effective scalaron mass can be
regarded as the modification of potential that is different from the change of sound speed although
they may both produce similar features on the power spectrum.
As is well-known, only with either one of the two ingredients, R2 or Higgs, it is enough to
achieve successful inflation model with proper parameter value which is favored by the observation
we have so far. Since the model we consider is the combination of these two single-field models, it
goes back to either of them in some limits of the parameters.
One can easily see from the Lagrangian that if we take λ → 0 and ξ → 0 in the model or just
simply set χ = 0, what we get is just the R2 inflation with only one parameter M , the mass of the
scalaron. The other limit is the Higgs inflation where we takeM →∞. Note that we cannot just take
ψ = 0 which is analogous to what we did above. The reason is that the new degree of freedom in ψ
comes from the quadratic term of Rˆ in (2.4). Only when Rˆ2 term vanishes, this ”new” scalar field is
completely determined by Higgs field, i.e. it is no longer a new degree of freedom. Thus, we go back
to the Higgs inflation in this case with two parameters ξ and λ.
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5 Conclusion and Outlook
In this paper, we have analyzed a two-field inflation model consisting of the R2 term and the Higgs
field in detail. This model can easily go back to the two single-field models, the R2 inflation [1] and
the Higgs inflation [8–10]. We have considered the parameter space where λ = 0.01 and ξ > 0.
In the presence of mass hierarchy and considering slow-roll regime, one can integrate out the high
energy part and obtain an effective single-field model with a slightly modified sound speed where
we can easily calculate the power spectrum of curvature perturbations. The modification of sound
speed comes from the presence of turning in the inflation trajectory, but in our case it turned out to
be negligibly small. For the amplitude of curvature perturbations to coincide with observation, we
find that the predictions of this model are just the same as in the R2 inflation or the Higgs inflation.
Fixing the amplitude, PR(k), we find a relation between the scalaron mass M and the non-minimal
coupling ξ which helps us to notice the relation between this two-field model and the R2 inflation
directly in the Jordan frame. We can effectively regard this model in the parameter space considered
as R2 inflation with an effective scalaron mass which naturally explains the existence of a special
relation between the two free parameters.
For typical values of the self coupling parameters of the standard Higgs field at high energy,
this model gives essentially the same predictions as the R2 inflation and the original Higgs inflation
as far as the power spectrum is concerned. These two models, however, have quite different reheating
mechanisms [1, 25–28] with a much higher reheating temperature for the latter model with a possible
violent behaviors due to the non-minimal coupling [15]. Since our model smoothly connects the
two limits, the number of e-folds, N∗, of the pivot scale of CMB observation is also expected to
shift from the value corresponding to the pure Higgs model to that of R2 model, which leads to an
observational consequence [29]. This shift, however, is degenerate to the expansion history or the
amount of entropy production after reheating which may be measured by the direct observation of
high frequency tensor perturbations [32].
For smaller values of the self coupling than the case of the standard Higgs field with smaller ξ,
we may realize a situation both fields are in the slow roll regime and acquire non-negligible quantum
fluctuations so that the isocurvature mode may also play an important role. Furthermore, for ξ < 0,
we expect our model would have similar behaviors as in [23] where the two-field model can generate
large fluctuations on small scale.
Though we considered the model with only one scalar field, our results can be straightforwardly
generelaized to an arbitrary number of mutually interacting scalar fields sufficiently strongly coupled
to the Ricci scalar.
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